All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Esophageal cancer is the sixth leading cause of cancer death worldwide and the fourth in China \[[@pone.0131560.ref001], [@pone.0131560.ref002]\]. In 2009, the incidence rate of the disease in China was 22.14/100,000 and reached even higher than 100/100,000 in some areas, such as Cixian in province Hebei \[[@pone.0131560.ref002], [@pone.0131560.ref003]\]. Although the mortality rate of esophageal cancer has decreased over past 30 years owing to the improvement of economy and changes of life style, esophageal cancer remains prevalent in rural area of China and in Chinese men \[[@pone.0131560.ref002], [@pone.0131560.ref003]\]. Surgical intervention is the primary treatment for esophageal cancer. Multimodal treatment with neoadjuvant chemotherapy or combined chemoradiotherapy followed by surgery has also been recommended for locally advanced esophageal cancer \[[@pone.0131560.ref004]\]. However, patient outcomes remain poor and the overall 5-year survival rate is still less than 25% \[[@pone.0131560.ref001], [@pone.0131560.ref004]\]. Thus, effective therapies for esophageal cancer are in urgent need.

Therapeutic benefits of traditional Chinese medicine to treat cancer have been increasingly recognized recently \[[@pone.0131560.ref005]\]. Rhizoma Paridis Saponins (RPS), a natural product purified from the commonly used traditional Chinese medicinal herb Rhizoma Paridis, has been shown to not only inhibit liver fibrosis and cirrhosis but also suppress the growth of multiple types of cancer in animal models and cancer cells, including lung, ovarian, liver, and cervical cancer \[[@pone.0131560.ref006]--[@pone.0131560.ref019]\]. In addition to inhibiting cancer growth, RPS also significantly reduces the migration and invasion of lung cancer cells and B16 melanoma cells \[[@pone.0131560.ref008], [@pone.0131560.ref011], [@pone.0131560.ref019]\]. Furthermore, Man et al. recently found that administration of RPS combining with cyclophosphamide, a widely used chemotherapeutic agent, can reduce the toxicity of cyclophosphamide in a mouse model of liver cancer \[[@pone.0131560.ref014]\]. Xiao et al. recently reported that RPS inhibited angiogenesis in a xenograft mouse model of ovarian cancer \[[@pone.0131560.ref011]\].

The molecular mechanism underlying RPS-mediated anti-cancer effects have also been explored extensively. Results from studies on different types of human cancer cells consistently show that RPS induces apoptosis in cancer cells by activating both caspase-dependent and caspase-independent apoptotic pathways and inhibits the migration and invasion by suppressing the enzymatic activity and protein expression of matrix metalloproteinases (MMP) such as MMP-2 and MMP-9 \[[@pone.0131560.ref006]--[@pone.0131560.ref019]\]. Man et al. used a gas chromatography/mass spectrometry method to compare the metabolic profile of mice bearing hepatocarcinoma versus healthy mice, and they found that RPS administration increased lipid and glycerate but decreased glucose levels in the blood of mice with hepatocarcinoma while exerted opposite effects on those metabolic substrates in healthy mice, suggesting that RPS might suppress cancer development by blocking energy supply to cancer cells \[[@pone.0131560.ref015]\].

Although RPS has been tested in multiple types of cancers, its effects on esophageal cancer remain unknown. This study aimed to fill this knowledge gap. Here, we examined the effects of RPS on cancer development in a rat model of *N*-nitrosomethylbenzylamine-induced esophageal cancer and further investigated the molecular mechanism underlying the effects using human esophageal cancer cell lines EC9706 and KYSE150.

Materials and Methods {#sec002}
=====================

Ethics Statement {#sec003}
----------------

All the procedures regarding animal maintenance and experiments are in strict accordance with the policy of the Institutional Animal Care and Use Committee (IACUC) of Nankai Hospital. The IACUC has approved this study. All efforts were made to minimize rat suffering.

Chemicals {#sec004}
---------

N-nitrosomethylbenzylamine (NMBA) was synthesized at Tianjin Institute of Pharmaceutical Research (Tianjian, China). Dimethyl sulfoxide (DMSO) was purchased from Sigma (St. Louis, MO, USA). NMBA (150mg) was dissolved in 10 μL DMSO and then diluted with sterilized saline (0.9% NaCl) to a concentration of 0.5 mg/mL for injection. Rhizoma paridis saponins (RPS), which is also named as polyphyllin and Chonglou saponin, was extracted from Rhizoma Paridis (protocol number: 1007017) and dissolved in sterilized distilled water at the concentration of 20 mg/mL. In brief, 50 g of Chonglou powder was mixed with 400 mL 75% ethanol in a one-liter round bottom flask. The mixture was incubated in 90°C water bath for 2 hours to extract RPS. The solution was collected. The extraction procedure was repeated 2 more times using fresh 75% ethanol every time. The solution from each extraction was pool together, filtered, and concentrated by completely removing ethanol using a speed vacuum for evaporation. The concentrated ethanol-free RPS solution was transferred to an evaporation dish and completely dried into power by incubating the evaporation dish in a 100°C water bath. The RPS dry power was used in the study.

Animals {#sec005}
-------

Male F344 rats (5-week-old) were purchased from Animal Experiment Center of Academy of Military Medical Science (Beijing, China). The rats (5 per cage) were housed in a clean room with unlimited access to standard rodent chow and water. The rats were kept on a 12 h light/12 h dark cycle for 2 weeks before being used in experiments. All the rats were weighed twice a week during the experiment.

Rat model of NMBA-induced esophageal cancer and RPS administration {#sec006}
------------------------------------------------------------------

Male F344 rats were randomly divided into the following 3 groups (n = 10 per group): healthy control group in which rats were subcutaneously injected with saline containing the same amount of DMSO as that used for rats exposed to NMBA; NMBA group in which rats were subcutaneously injected with NMBA at 1 mg/kg; NMBA + RPS group in which rats were subcutaneously injected with NMBA at 1 mg/kg and orally administered with RPS. The experimental design for the establishment of the rat model and RPS administration are illustrated in [Fig 1](#pone.0131560.g001){ref-type="fig"}. Briefly, rats in NMBA and NMBA + RPS groups were subcutaneously injected with 1 mg/kg NMBA 5 times per week for 5 weeks and then with a reduced frequency at 1 mg/kg NMBA once per week for another 5 weeks. Rat body weight was recorded twice per week for 14 weeks. Two rats in NMBA + RPS group died at week-10 and week-15, respectively, due to wrongly administer RPS into the airway. All other animals survived and were sacrificed at the end of 24 weeks via administration of chloral hydrate (3 mL/kg). Esophagus was excised and examined under a light microscope. Tumors larger than 1mm in diameter were counted. The volume of the lesions was calculated using the standard formula: volume = length × width × height × 0.52. Part of esophageal tissues were fixed in 10% formalin solution and embedded in paraffin for H&E staining, the rest of the tissues were frozen in liquid nitrogen for other experiment, such as western blot. RPS at 350 mg/kg or 100 mg/kg was administered by orally gavage once daily for 24 weeks starting at the first injection of NMBA.

![The schematic diagram of the experimental design for NMBA injection and RPS administration.\
**A**. A schematic representation of experimental protocol. The empty arrows indicate subcutaneous injection of saline. The solid arrows indicate subcutaneous injection of NMBA. The shaded area represents oral RPS administration. **B**. The chemical formula of RPS. The letter "R" indicates that different functional groups can be at that position, resulting in different types of RPS with various molecular structures.](pone.0131560.g001){#pone.0131560.g001}

Histological examination of esophageal tissue {#sec007}
---------------------------------------------

Two pathologists from the Department of Pathology at Nankai Hospital, who were blinded for the treatment allocation, examined the esophageal tissues and counted the number of papillomas and carcinomas in each group.

Cell culture {#sec008}
------------

Human esophageal cancer cell line EC9706 was a generous gift from Tianjin Lung Cancer Institute, Tianjin Medical University General Hospital. EC9706 cells were originally purchased from ATCC (Virginia, USA). The other human esophageal squamous cell carcinoma cell line KYSE150 was a gift from Dr. Yutaka Shimada, who established this cell line at the Department of Surgery and Surgical Basic Science, Graduate School of Medicine, Kyoto University, Japan \[[@pone.0131560.ref020]\]. Both cell lines were cultured in RPMI-1640 media (HyClone, Logan, UT, USA) supplemented with 10% FCS (Gibco, Grand Island, NY, USA), 100 units/mL penicillin, and 100 μg/mL streptomycin (Thermo Scientific, Rockford, IL, USA) at 37°C in 5% CO~2~.

Cell viability assay {#sec009}
--------------------

Cell viability was measured by the \[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide\] (MTT) dye reduction assay (Sigma-Aldrich, St. Louis, USA). Cells were plated in 96-well plates at a density of 3 × 10^3^ cells/100 μL/well followed by 24 h incubation. Cells were then treated with RPS at 0, 2.5, 5, 7.5, 10, 15, 20, 30, 40, or 60 μg/mL for 48 hours. After treatment, 20 μL of MTT (5 mg/mL) was added to each well and incubated for 4 hours. The media were then removed and the dark blue formazan crystals were dissolved in 150 μL of DMSO. The absorbance at 550 nm was measured in a microplate reader (Corning Costar, Corning, NY, USA). The background absorbance at 690 nm was subtracted from all readings. The percentage of cell viability relative to the controls without RPS was calculated. Each concentration was tested with 6 repeats in each experiment, and the experiment was repeated independently at least 3 times.

Wound healing assay {#sec010}
-------------------

Cells were grown in 6-well plates until confluence. Five scratches (one per well) for each concentration of RPS were then made in the confluent monolayer using a pipette tip. After washed twice with PBS, cells were maintained in serum-free media with RPS at 0, 3.25, 7.5, or 15 μg/mL for EC9706 cells, or at 0, 5, 10, or 20 μg/mL for KYSE150 for 24 h. Wounds were photographed under a phase-contrast inverted microscope, and the width of the wound was measured. The experiment was repeated at least 3 times.

Transwell invasion assay {#sec011}
------------------------

Cell invasion assays were performed using 24-well transwells (8 μm pore size, Corning, MA, USA) coated with matrigel (1 mg/mL, BD Sciences, CA, USA). Cells (5 x 10^4^/well) were seeded in the upper chambers of the wells in 200 μL serum-free media containing RPS at 0, 5, 10, or 20 μg/mL. The lower chambers were filled with 750 μL RPMI-1640 media supplemented with 10% FCS. After incubation for 24 h, the cells remaining on the upper surface of the chamber were removed by cotton swaps and the cells on the other side of the membrane were fixed with methanol and stained with Giemsa solution. The penetrated cells at the lower surface of the filter were counted under a microscope. A total of 5 fields of each filter were randomly selected and the average cell number of the 5 fields was used. The experiment was repeated at least 3 times.

Apoptosis and cell cycle analysis {#sec012}
---------------------------------

Cells were seeded in 6-well plates at a density of 2×10^5^ cells/well. After overnight incubation, the cells were treated with RPS at 0, 5, 10, or 20 μg/mL for 24 h. The media were then aspirated and replaced with fresh media containing RPS or its control. Cells were then incubated at 37°C in 5% CO~2~ for 24 h. To evaluate apoptosis and cell cycle, culture media were collected to harvest floating cells. The attached cells were rinsed with PBS and incubated with trypsin. The lifted cells and the cells in the media were collected by centrifugation (1000 x g, 5min). The cell pellets were washed twice with PBS and re-suspended in 250 μL binding buffer. Five μL Annexin V-FITC and 10 μL PI were added to the cell suspension. Each sample was then gently mixed and incubated for 15 min in dark. After incubation, 200 μL PBS was added to each sample. Samples were filtered through 300-mesh filters and then analyzed on BD FACS Calibur flow cytometer. Apoptosis and cell cycle were analyzed using FlowJo software. The experiment was repeated at least 3 times.

Western blotting {#sec013}
----------------

Cells were seeded in 6-well plates at a density of 1 × 10^5^ cells/well and incubated at 37°C for 24 h. EC9706 cells were then treated with RPS at 0, 7.5, or 15 μg/mL for 24 h. KYSE150 cells were treated with RPS at 0, 10, or 20 μg/mL for 24 h. The cells were then washed twice with ice-cold PBS and then lysed in RIPA Buffer (Wuhan Boster Company, Wuhan, China) containing 1mM phenylmethylsulfonyl fluoride. Esophageal tissues were homogenized in RIPA buffer and then centrifuged at 12, 000 rpm for 10 minutes at 4°C. Protein concentrations in the supernatants and the cell lysate were measured using a BCA protein assay kit (Kang Wei Shi Ji Company, Beijing, China). Equal amounts of protein extract (30 μg) were separated by SDS-PAGE and transferred to the nitrocellulose membranes. The membranes were blocked for 2 hours at room temperature in 5% nonfat dry milk in TBST (10 mmol/L Tris, pH 8.0, 165 mmol/L NaCl, 0.05% Tween 20). Membranes were then incubated with rabbit monoclonal antibodies against rat β-actin (Boster Company, China; 1:200 dilution in 1×TBST), COX-2 (Cell Signaling Technology, USA; 1:1000 dilution in 1×TBST), or CyclinD1 (Cell Signaling Technology, USA; 1:1000 dilution in 1×TBST) for 1 hour at room temperature. The membranes were then extensively washed, followed by incubating with a goat anti-rabbit IgG conjugated with horseradish peroxidase (Cell Signaling Technology, USA) at a dilution of 1:5000 for 1.5 hours at room temperature. Labeled proteins were visualized with an enhanced chemiluminescence method (Millipore Corporation, Billerica, USA). For quantification, the intensities of protein signals were evaluated with Quantity one system (Bio-Rad, Hercules, USA). The experiment was repeated at least 3 times.

Prostaglandin E2 (PGE2) ELISA {#sec014}
-----------------------------

Cells were cultured at the density of 2×10^5^/well in 6-well plates in serum-free media containing RPS at 0, 5, 10, or 20 μg/mL for 24h. Cell culture supernatant was collected and centrifuged at 12, 000rpm for 10min and the supernatant was collected. The level of PGE2 in the cell-free supernatant was determined by ELISA kit according to the protocol provided by the manufacturer (Cusabio, Wuhan, China). The experiment was repeated at least 3 times.

Statistical analysis {#sec015}
--------------------

Data are presented as mean ± standard deviation (SD) and analyzed by using the statistical analysis software SPSS11.5. Comparison was analyzed by one-way ANOVA. *P* values were 2 sided and *P* \< 0.01 was considered statistically significant.

Results {#sec016}
=======

RPS inhibited tumor growth of esophageal cancer in rats {#sec017}
-------------------------------------------------------

All 10 rats survived 10-week NMBA exposure and NMBA injection dramatically induced tumor development in the esophagus of the rats. The surface of esophagus in the rats exposed to NMBA was covered with tumor lesions with various sizes ([Fig 2A](#pone.0131560.g002){ref-type="fig"}). RPS at 350mg/kg significantly reduced the number (3.5 ± 1.58 vs 1.4 ± 1.11, *P* \< 0.01, [Fig 2A and 2B](#pone.0131560.g002){ref-type="fig"}) and average size of tumors (17.71 ± 9.16 mm^3^ vs 6.47 ± 5.86 mm^3^, *P* \< 0.01, [Fig 2A and 2C](#pone.0131560.g002){ref-type="fig"}) on the esophagus. Histopathological examination of the esophageal tissues revealed that NMBA exposure led to squamous epithelial hyperplasia ([Fig 2A](#pone.0131560.g002){ref-type="fig"}) and the numbers of papillomas and carcinomas of NMBA group were considerably higher than those of NMBA + RPS group although the differences between the 2 groups were not statistically significant ([Fig 2D](#pone.0131560.g002){ref-type="fig"}). Low-dose RPS (100mg/kg) did not affect tumor size (NMBA exposure group: 15.0±11.9 mm^3^ vs. NMBA + RPS group: 17.6±9.9 mm^3^, *P* \> 0.05) and the number of tumors (NMBA exposure group: 3.5±1.0 vs. NMBA + RPS group: 3.3±1.6, *P* \> 0.05) in the rats exposed to NMBA.

![RPS reduced the size and number of tumors on the esophagus of rats exposed to NMBA.\
**A**. Photographs and H&E staining of esophageal tissues of rats from healthy control, NMBA, or NMBA+RPS group. Male F344 rats (n = 10 per group) were subcutaneously injected with saline containing DMSO (Healthy control group), NMBA at 1mg/kg (NMBA group), or NMBA plus oral administration of RPS at 350 mg/kg (NMBA + RPS group). Esophagus was dissected, photographed, and examined under a light microscope. Part of esophageal tissues was fixed in 10% formalin solution and stained with H&E. **B**. RPS significantly reduced the number of tumors on esophagus. Tumors larger than 1mm in diameter were counted, n = 10. **C**. RPS significantly decreased tumor size. The volume of the lesions was calculated using the standard formula: volume = length × width × height × 0.52, n = 10. **D**. RPS reduced the number of papilloma and carcinoma. Two pathologists, who were blinded for the treatment allocation, examined the type and number of tumors. The average number of papilloma and carcinoma is presented, n = 10. \* represents significant difference between NMBA group vs healthy control group, *P* \< 0.01. \# represents significant difference between NMBA +RPS group vs NMBA group, *P* \< 0.01.](pone.0131560.g002){#pone.0131560.g002}

RPS inhibited the viability, migration, and invasion of esophageal cancer cells {#sec018}
-------------------------------------------------------------------------------

To investigate the molecular mechanism underlying RPS-mediated inhibition of esophageal cancer development, we first examined the effects of RPS on the behavior of esophageal cancer cells. Our results show that RPS treatment significantly inhibited the viability, migration, and invasion of esophageal cancer cells EC9706 and KYSE150 in a dose-dependent manner ([Fig 3](#pone.0131560.g003){ref-type="fig"}, *P* \< 0.01).

![RPS inhibited the viability, migration, and invasion of esophageal cancer cells.\
**A**. RPS inhibited the viability of esophageal cancer cells. After overnight incubation, cells in 96-well plates were treated with RPS at 0, 2.5, 5, 7.5, 10, 15, 20, 30, 40, or 60 μg/mL for 48 hours and then incubated with 20 μL of MTT (5mg/mL) for 4 hours. The absorbance at 550 nm was measured in a microplate reader. The percentage of viability relative to the controls without RPS was calculated. Each concentration was tested with 6 repeats in each experiment, n = 3. **B**. RPS reduced the invasion of esophageal cancer cells. Cells were cultured in the transwell chamber (5 x 10^4^/chamber, 8 μm pore size and coated with 1mg/mL matrigel) containing serum-free media with RPS at 0, 5, 10, or 20 μg/mL in the upper chamber and RPMI-1640 medium + 10% FCS in the lower chambers for 48 h. The penetrated cells at the lower surface of the filter were fixed and counted under a microscope. A total of 5 fields of each chamber were randomly selected and the average cell number of the 5 fields was used, n = 3. \* and \# represents significant difference at 5, 10, and 20 μg/mL of RPS compared to 0 μg/mL of RPS in EC9706 cell and KYSE150 cells, respectively, *P* \< 0.01. **C**. Images of wound healing of EC9706 cells, 20 x. **D**. Images of wound healing of KYSE150 cells, 20 x. **E**. RPS reduced the migration of EC9706 cells. **F**. RPS reduced the migration of KYSE150 cells. A total of 5 scratches were used for each concentration of RPS. Cells were cultured in serum-free media with RPS at 0, 3.25, 7.5, or 15 μg/mL for EC9706 cells, or at 0, 5, 10, or 20 μg/mL for KYSE150 for 24 h. Wounds were photographed under a phase-contrast inverted microscope, and the percentage gap closure was calculated as (width at 0h --width at 24 n)/width at 0h \* 100%, n = 3. \* represents significant difference between RPS at specified concentration vs 0 μg/mL, *P* \< 0.01.](pone.0131560.g003){#pone.0131560.g003}

RPS induced apoptosis and cell cycle arrest in esophageal cancer cells {#sec019}
----------------------------------------------------------------------

RPS-mediated inhibition of viability, migration, and invasion suggested that RPS might interfere in apoptosis and cell cycle in the esophageal cancer cells. Indeed, our flow cytometry results demonstrated that RPS at the concentration of 10 μg/mL or higher significantly increased the proportion of apoptotic cells in both EC9706 and KYSE150 cells ([Fig 4](#pone.0131560.g004){ref-type="fig"}, *P* \< 0.01). Consistently, RPS at the same concentration markedly increased the proportion of cells in G2 phase ([Fig 5](#pone.0131560.g005){ref-type="fig"}, *P* \< 0.01), suggesting that RPS treatment induce G2/M cell cycle arrest in the esophageal cancer cells. The proportion of EC9706 cells in S phase was not substantially affected by RPS, whereas RPS reduced the percentage of KYSE150 cells in S phase in a dose-dependent manner, indicating that KYSE 150 cell growth was inhibited by RPS ([Fig 5](#pone.0131560.g005){ref-type="fig"}). In addition, the expression of Cyclin D1 in the esophageal cancer cells was markedly reduced by RPS treatment ([Fig 6A](#pone.0131560.g006){ref-type="fig"}). We also examined Cyclin D1 expression in the esophageal tissues of rats. Compared with healthy control, NMBA exposure dramatically induced Cyclin D1 expression in the esophageal tissue; whereas RPS administration significantly reduced the NMBA-induced over-expression of Cyclin D1 ([Fig 6B and 6C](#pone.0131560.g006){ref-type="fig"}, *P* \< 0.01). These results further support that RPS interferes in cell cycle in the esophageal cancer cells.

![RPS induced apoptosis in esophageal cancer cells.\
Cells were treated with RPS at 0, 5, 10, or 20 μg/mL for 24 h. Both the attached cells and the floating cells in the media were collected by centrifugation at 1000 g for 5min. Cells were than incubated with 5 μL Annexin V-FITC and 10 μL PI for 15 min in dark, diluted in 200 μL PBS, and analyzed on BD FACS Calibur flow cytometer. Apoptosis was analyzed using FlowJo software, n = 3.](pone.0131560.g004){#pone.0131560.g004}

![RPS promoted cell cycle G2/M phase arrest.\
Cells used for analyzing apoptosis were also analyzed for cell cycle using FlowJo software, n = 3. \* and \# represents significant difference at 5, 10, and 20 μg/mL of RPS compared to 0 μg/mL of RPS in EC9706 cell and KYSE150 cells, respectively, *P* \< 0.01.](pone.0131560.g005){#pone.0131560.g005}

![RPS reduced the expression of COX-2 and Cyclin D1 and the release of PGE2.\
**A**. RPS reduced the expression of COX-2 and cyclin D1 in esophageal cancer cells. EC9706 cells were treated with RPS at 0, 7.5, or 15 μg/mL for 24h. KYSE150 cells were treated with RPS at 0, 10, or 20μg/mL for 24h. The cells were then harvest and lysed. Protein extract (30 μg) were separated by SDS-PAGE and transferred to the nitrocellulose membranes. The membranes were probed with rabbit anti rat β-actin, COX-2, or cyclin D1. Representative images were presented. **B**. RPS reduced the expression of COX-2 and cyclin D1 in esophageal tissues. Esophageal tissues from rats were homogenized and protein extract (30 μg) were separated by SDS-PAGE and transferred to the nitrocellulose membranes. The membrane was probed with rabbit anti rat β-actin, COX-2, or cyclin D1. Representative images are presented. **C**. Densitometry analysis of the western blot in B. Average values of 5 rats are presented, n = 5. \* represents significant difference between NMBA group vs healthy control group, *P* \< 0.01. \# represents significant difference between NMBA +RPS group vs NMBA group, *P* \< 0.01. **D**. RPS decreased the release of PGE2 from esophageal cancer cells. Cells were cultured in serum-free media containing 0, 5, 10, or 20 μg/mL RPS for 24 h. The culture supernatants were collected and centrifuged at 12, 000 rpm for 10 min to remove cell debris. The level of PGE2 in the supernatants was determined by ELISA kit according to the protocol provided by the manufacturer, n = 3. \* and \# represents significant difference at 5, 10, and 20 μg/mL of RPS compared to 0 μg/mL of RPS in EC9706 cell and KYSE150 cells, respectively, *P* \< 0.01.](pone.0131560.g006){#pone.0131560.g006}

RPS suppressed cyclooxygenases-2 expression and prostaglandin E2 release in the esophageal cancer cells {#sec020}
-------------------------------------------------------------------------------------------------------

COX-2 pathway disorder has been associated with cancer in digestive system \[[@pone.0131560.ref021]\]. Thus, we tested whether RPS could affect COX-2 pathway in esophageal cancer. Our western blot results demonstrate that RPS treatment significantly reduced COX-2 expression in the esophageal cancer cells EC9706 and KYSE150 ([Fig 6A](#pone.0131560.g006){ref-type="fig"}). NMBA exposure markedly increased COX-2 expression in the esophageal tissues of rat, whereas RPS administration significantly decreased NMBA-mediated COX-2 over-expression ([Fig 6B and 6C](#pone.0131560.g006){ref-type="fig"}, *P* \< 0.01). Consistently, the release of PGE2, a downstream molecule of COX-2, was also down-regulated by RPS in a dose-dependent manner in the esophageal cancer cells ([Fig 6D](#pone.0131560.g006){ref-type="fig"}, *P* \< 0.01). All the original data are displayed in [S1 Table](#pone.0131560.s001){ref-type="supplementary-material"}.

Discussion {#sec021}
==========

In this study, we found RPS significantly suppressed tumor development in a rat model of NMBA-induced esophageal cancer and inhibited the viability, migration, and invasion of human esophageal cancer cells EC9706 and KYSE150. These results are consistent with the findings on other types of cancers, further supporting the anti-cancer effects of RPS \[[@pone.0131560.ref006]--[@pone.0131560.ref019]\]. Our study also showed that RPS induced apoptosis in the esophageal cancer cells. RPS has been found to up-regulate the expression of pro-apoptotic proteins, such as active caspase-3, active caspase-9, and Bax in nonsmall cell lung cancer cells, hepatoma xenografts, ovarian cancer cells, and Hela cells, indicating that RPS induce apoptosis by mitochondrial apoptotic pathway \[[@pone.0131560.ref007], [@pone.0131560.ref012], [@pone.0131560.ref013], [@pone.0131560.ref017], [@pone.0131560.ref018]\].

In addition to inducing apoptosis, we also found RPS caused cell cycle G2/M arrest in esophageal cancer cells. Consistently, Xiao et al. reported that RPS promoted dramatic G2/M phase arrest in human ovarian cancer cells SKOV3 \[[@pone.0131560.ref013]\], and Jiang et al. demonstrated that RPS induced G2/M arrest in nonsmall cell lung cancer cells \[[@pone.0131560.ref007]\]. In this study, we further examined the expression of Cyclin D1, a protein playing a critical role in cell cycle, and we found that NMBA exposure markedly stimulated Cyclin D1 expression in rat esophageal tissue and RPS significantly reduced the over-expression of Cyclin D1 in both esophageal tissue and esophageal cancer cells. These results further confirm that RPS inhibits tumor development by inducing apoptosis and promoting cell cycle G2/M arrest in cancer cells.

The role of COX-2 pathway in cancer development and progression is well-known. Over-expression of COX-2 and prostaglandins are associated with the development of various types of cancer, and their expression levels represent the aggressiveness of cancer progression \[[@pone.0131560.ref021]\]. In human esophageal cancer, marked over-expression of COX-2 has been observed in esophageal squamous epithelium but not in normal tissues \[[@pone.0131560.ref022]\]. The role of COX-2 pathway in esophageal cancer is also supported by epidemiologic and preclinical studies demonstrating that COX-2 inhibitors reduce the risk of esophageal cancer \[[@pone.0131560.ref023]\]. In this study, we found that NMBA dramatically stimulated COX-2 expression in the esophageal tissue of rats and RPS significantly decreased the NMBA-mediated COX-2 over-expression. RPS also markedly reduced COX-2 expression and PGE2 release from esophageal cancer cells EC9706 and KYSE150. Thus, our results indicate that RPS might be a COX-2 inhibitor.

Although growing number of studies on cells lines and animal model of various types of cancer clearly demonstrate the anti-cancer and other beneficial effects of RPS such as reducing the toxicity of chemotherapeutic agents, the toxicity and neuropharmacological side effects of RPS should not be overlooked. Liu et al. reported that a single oral administration of RPS exerted adverse effects on the general behavior and mortality in mice with a *LD* ~*50*~ value of 2182.4 mg/kg in mice \[[@pone.0131560.ref024]\]. In addition, they also showed that RPS at the concentrations of 100, 250, and 500 mg/kg significantly suppressed gastric emptying but did not affect the intestinal transit in mice \[[@pone.0131560.ref024]\]. The *LD* ~50~ value of RPS for rats is still unknown. The dose of 350mg/kg RPS in this study, which is 16% of the *LD* ~50~ value for mice, appeared to be safe for rats. Except that 2 rats in NMBA+ RPS group died due to wrongly administer RPS into the airway, all the other rats in the group survived. No obvious toxicity effects were observed in our study. We will test lower dose of RPS, for example 200mg/kg, in the rat model of esophageal cancer and examine the toxicity of RPS in rats in future study. Strategies for reducing the toxicity of RPS are needed to facilitate the clinical application of RPS.

In summary, our study demonstrated that RPS significantly suppressed tumor growth in a rat model of NMBA-induced esophageal cancer and reduced NMBA-mediated over-expression of COX-2 and Cyclin D1in the esophageal tissues. RPS exerted the anti-cancer effects not only by promoting apoptosis and cell cycle arrest but also by inhibiting COX-2 pathway. Our results indicate that RPS might be a promising therapeutic agent for esophageal cancer.
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